Abstract: This study aimed to synthesize an oligo(azomethine-ether) with benzothiazole moiety in organic medium by means of chemical oxidative polycondensation (OP). Optical properties were examined by photoluminescence (PL) and UV-Vis measurements both in solutions and solid film involved a poly (methyl methacrylate) (PMMA) matrix. Oligomer film in the PMMA matrix emitted a fine green light with a fluorescence quantum yield (QY) of 3.30%. Spectral and thermal observations showed a high rate of C-O-C coupling (cross-linking) for the oligomer. SEC results indicated low molecular weight ( ∼ 3200-4650 g mol −1 ) and the oligomer was soluble in organic solvents with high polarity.
Introduction
Conjugated polymers with aromatic backbones have been used in several application fields due to their superior properties.
1 Aromatic backbones have given high thermal stability to polymers. Some aromatic dianhydride based polymers exhibited fine flame retardancy properties as well. 2 Furthermore, polyconjugated structures have brought low band gaps, resulting in good electrical and optical properties. However, polymers with aromatic structures generally suffer from low solubility in common solvents, and thus their processibility is limited.
free hydroxyl groups are found in the resulting polymer's structure. If the C-O-C coupling mainly forms in the polymer chain, the number of free hydroxyl groups decreases and the polymer is called a poly(ether). These different linkages significantly affect the thermal degradation behavior of polymers. 18 Chain breaking at the phenylene linkage (C-C coupled) generally occurs at about 300 • C and the etheric linkage is observed over 700 • C. That is to say, a high rate of C-O-C etheric linkage results in the formation of a more stable structure. To increase the C-O-C coupling rate, structural modifications over the previously synthesized poly(azomethinephenol)s could be useful. Among the hydroxyphenylene substituted Schiff base monomers the species derived from 4-hydroxybenzaldehyde are more suitable for C-O-C coupling (lower steric hindrance) in OP conditions. Therefore, they can be chosen to obtain a higher thermal stability. 19 On the other hand, to overcome the insolubility problem of the obtained branched-chain structured polymer, 20 mild conditions might be preferred, producing oligomers with a lower molecular weight 21 and greater solubility.
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Cross-linking in a polymer structure is a kind of limitation for the individual chain movement and results in a higher rigidity, as well as decreasing the solubility. However, it becomes more resistant to thermal degradation. Several kinds of poly(ether)s with cross-linked structures have been synthesized so far. 22−24 They have shown good thermal and mechanical properties, but generally they have been insoluble in common organic solvents, because cross-linked polymers often swell in solvents instead of solvation.
The goal of this study was to prepare a highly stable, organo-soluble, low molecular weight oligomer having high fluorescence characteristics. For that purpose, we synthesized a new kind of cross-linked oligo(ether) including a phenylene-benzothiazole based backbone by a chemical OP reaction. An ethoxy substituted benzothiazole compound was chosen to increase solubility. According to the previous studies, OP reactions in organic solvents produced highly soluble products having higher crystallinity, well-ordered particles, and fine fluorescence characteristics as compared with their production in aqueous alkaline medium. 20, 25 For this reason, the results obtained in organic reaction medium are given here. OP of the monomer was also carried out in aqueous alkaline medium and the product was fully analyzed. However, the results were unsatisfactory and are not included in this study. The optical properties of the materials were studied in both solution form and film state involved in a PMMA matrix. Polymer matrices have been preferred in many studies to produce fluorescence based sensing probes for heavy metal ions, 26 electrochromic device preparation 27 etc. This kind of application supplies more useful information about how the produced material can be applied in practice usage, because LEDs and many other optical devices require the material to be used in solid state. This can be supplied by treatment with an appropriate matrix component like poly(methyl methactrylate), ethyl cellulose, and poly (vinyl chloride). The electrochemical, morphological, and thermal properties of the materials were also clarified. is observed for the oligomer. This indicates a high rate of C-O-C coupling in the polymerization. 17 In the spectrum of the oligomer the peaks belonging to Ha and Hc protons completely disappear, indicating C-C coupling by elimination of Ha and Hc protons. As a result, the polymerization proceeds on both sides of the Schiff base (the sides of benzothiazole and phenol). The possible polymerization mechanism of 4-HBAEBT including both C-C and C-O-C couplings is suggested in Scheme 1 similar to the other oligophenols in the literature. 16, 17 According to the OP mechanism of phenolic monomers, the reaction starts by oxidation of phenolic OH, which converts to a phenoxy radical form by oxidant addition (see Scheme 1) . This radical might be transferred into the benzothiazole by movements of delocalized π -conjugated electrons. As a result, a series of possible resonance forms of 4-HBAEBT are obtained as shown in Scheme 2. The obtained spectral findings show that R1, R2, and R6 radicals are the active species contributed to the polymerization. Therefore, the polymerization proceeds on both the benzothiazole and phenol sides, as indicated for similar structures.
Results and discussion

Structures of the synthesized compounds
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Chemical Shift (ppm) The 13 C NMR of 4-HBAEBT is shown in Figure 3 . The obtained signals confirm the expected structure.
According to the spectrum there are fourteen different peaks in accordance with the structure. 13 C NMR analysis of the oligomer is also carried out, but no determinable peaks are obtained due to its relatively low solubility. Figure 4d , with a scale of 5 µ m, a very interesting morphology with icicle-like particles is observed. SEM images of O-4-HBAEBT in the PMMA matrix (film material) are also given in Figures 4e and 4f. As seen in these images, due to the presence of a few components in the gel matrix, an inhomogeneous morphology is observed. Moreover, Figure 4f shows that the obtained film contains some local micro fractures, as well.
Optical and electrochemical behavior
The UV-Vis spectra of EBT and the synthesized materials are given in Figure 5A . The normalized absorption spectra of 4-HBAEBT and O-4HBAEBT ranging from 380 to 600 nm are given in Figure 5B to make the absorption edges more visible. Both the starting materials and the resulting products show a π → π * transition of the phenylene ring at ∼220 nm. The spectrum of EBT has an absorption peak (λ max ) at 267 nm, which indicates that the n → π * electronic transitions belong to the amine group. The absorption spectrum of 4-HBAEBT differs from that of the starting materials by a new peak at 377 nm. This new peak is attributed to n→ π * transition of the azomethine group. The λ max value of O-4-HBAEBT is 336 nm and lower than that of 4-HBAEBT. However, as seen in Figure 5B the oligomer has an absorption tail, indicating a red shifted absorption edge. The optical band gaps (E PL analyses of the synthesized materials are carried out in CHCl 3 and DMF solutions in order to determine the effect of solvent polarity on PL properties. However, there is no determinable signal in the PL spectrum of 4-HBAEBT in CHCl 3 solution. 4-HBAEBT gives a low signal in DMF solution, indicating lower fluorescence quantum yield, but O-4-HBAEBT has good fluorescence characteristics in both solutions. The normalized PL spectra of the monomer and O-4-HBAEBT are given in Figure 6 . The fluorescence data are also summarized in Table 1 . DMF solution of O-4-HBAEBT has a 5 nm red shifted (515 nm) and wider emission band than that of the monomer. Furthermore, the emission peak wavelength of O-4-HBAEBT in DMF solution is about 95 nm red shifted than that in CHCl 3 solution (420 nm). This is attributed to the solvent polarity difference. 16 Emission maxima of the oligomer in the solvents with high polarities are higher than those with low polarities. Electrochemical oxidation/reduction behavior of the synthesized materials is investigated by CV analyses.
Cyclic voltammograms obtained on a glassy carbon electrode (GCE) under argon atmosphere are given in Figure  7 . The CV data are summarized in Table 2 . The observed oxidation peaks probably arise from the oxidation of free -OH groups to form phenoxy radicals (PhO . ), as indicated in the literature, 19 and relatively low current intensity indicates the low rate of free OH groups in the oligomer structure. The reduction peaks observed are most probably due to the reduction of the imine bonds via protonation of imine nitrogen (C=N-). There are two imine nitrogens available for this reduction process: imine between thiazole and phenylene rings (this group is formed after the Schiff base reaction) and imine in the thiazole ring. According to the CV analysis results, the electrochemical band gaps (E' g ) of 4-HBAEBT and O-4-HBAEBT are calculated as 2.75 and 1.64 eV, respectively. Electrochemical HOMO-LUMO and E'g energy diagram is also illustrated and given in Figure  7 . Accordingly, an increase in LUMO level and a decrease in HOMO level are observed, which cause a lower band gap of the oligomer. 
Optical characteristics in the PMMA matrix
Solid state optical properties of 4-HBAEBT and O-4-HBAEBT are also investigated in the PMMA gel matrix. Film colors of 4-HBAEBT and O-4-HBAEBT deposited onto transparent polyester surface are yellow and light brown under sunlight, respectively (see Figure 8 -top side). PL spectra on the film surfaces are shown in Figure 8 . Emitted color photographs under excitation of 340 nm are also shown on the spectra. According to the obtained results 4-HBAEBT and its oligomer emit blue and green light, respectively. Emission maxima of the monomer and oligomer are 494 and 533 nm. O-4-HBAEBT in the PMMA matrix has an 18 nm red shifted emission maximum compared to that in DMF solution. On the other hand, QY of the oligomer and the monomer in the PMMA matrix is calculated as 3.30% and 0.06%, respectively. This indicates that the oligomer has about 50 times higher QY than the monomer. QY is an important term in fluorescence properties and higher QY indicates a strong emission color. Resultantly, the synthesized oligomer emits a green color with high intensity in the PMMA matrix. QY, however, is related to various factors used such as concentration of the oligomer used in the PMMA matrix and film thickness. QY of the material can be increased by changing these important values, and so the material can be more useful for light emitting applications. Absorption spectra of the materials in the PMMA matrix are given in Figure 9 . The optical band gaps of 4-HBEBT and O-4-HBAEBT in the PMMA matrix are calculated from the absorption edges as 2.57 and 2.10 eV, respectively. Resultantly, the materials in the PMMA matrix have lower band gaps as well as red shifted PL peaks.
Thermal characterization
Thermal degradation characteristics of 4-HBAEBT and its oligomer are determined by TG-DTA method and the data are summarized in Table 3 . The obtained TG-DTA curves are given in Figure 10 . Both of the materials decompose in two particular steps. The onset degradation temperature (T on ) of the monomer is 249 • C, while that of O-4-HBAEBT is 293
• C. This indicates that the synthesized oligomer is more stable than 4-HBAEBT against thermal decomposition. Poly(aminobenzothiazole)s without phenolic substitutions have been previously found to thermally degrade at about 150-180 • C. 20, 28 That is to say, the present oligomer, which is iminophenylene substituted oligo(benzothiazole), has higher thermal stability than the previously presented unsubstituted forms. O-4-HBAEBT has a low mass loss at the first step, but a great loss at the second. The first and second steps at ∼300 and 900
• C are characteristic for polyphenol species and these steps are attributed to depolymerization from C-C and C-O-C couplings. 29 The high mass loss at the second step indicates the high rate of C-O-C coupling, in agreement with the NMR results. The C-O-C/C-C coupling rate is calculated as ∼ 5/1, indicating 17% C-C coupling for O-4-HBAEBT, as in the literature. 29, 30 The TG-DTA curves of a film sample of the oligomer in the PMMA matrix is given in Figure 10c and the results are summarized in Table 3 . As compared with Figures 10b and 10c , the powder sample of O-4-HBAEBT is much more stable than that in the PMMA matrix. This is possibly because of the unstable components in the gel matrix. The film sample loses only 3% of its weight until 274
• C due to evaporation of adsorbed moisture, and starts to quickly decompose at this temperature. The film sample loses 87% of its weight in this fast decomposition step up to 350 • C. The other step is ranging to 770
• C and all sample weight is lost at this temperature.
DSC analysis of the oligomer is also carried out in order to determine the glass transition temperature (Tg) and endothermic/exothermic peak temperatures (Figure 11) . The results are summarized in Table 3 . The Tg temperature of the oligomer is found as 105
• C. The exothermic peak at 345
• C coincides with the first degradation step and indicates the exothermic depolymerization step of the oligomer. As a result of the thermal analysis, glassy transition of the synthesized oligomer occurs at about 105 • C, and then the oligomer starts to exothermically decompose above 293
• C with two particular degradation steps.
Conclusions
Oligo(azomethine-ether) with benzothiazole moieties was successfully synthesized in an organic medium. Fluorescence measurements showed that the oligomer had good emission characteristics. O-4-HBAEBT showed a solvatochromic PL effect. Its maximum emission value in DMF was 95 nm red shifted compared to that in CHCl 3 . Additionally, O-4-HBAEBT was a green light emitter with relatively high QY in the PMMA matrix, while the monomer emitted blue light with low QY in similar conditions. Accordingly, O-4-HBAEBT could be used as an alternative PLED for green color. The spectral and thermal findings showed a high rate of C-O-C coupling during the polymerization. The synthesized oligomer had quite high thermal stability while its average molecular weight was only ∼3200 g mol −1 . Cross linking caused the hydroxyl groups to greatly reduce in number. This was also confirmed by CV measurements by reducing the intensity of electro-active hydroxyl peaks. As a result, with its good solubility and thermal and optical properties, the synthesized oligomer might be applied practically in appliances. 
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Synthesis of the Schiff base monomer
The synthesis procedure is summarized in 
Synthesis of the oligomer
The polymerization method is given in Scheme 3. The oligomer of 4-HBAEBT was synthesized in an organic solvent mixture (an optimized solvent system was determined as a result of various experiments) according to the following procedure: 0.3 g of 4-HBAEBT was placed into a 100-mL two-necked round-bottom flask fitted with a condenser and magnetic stirrer. A solvent mixture including 10 mL of THF and 40 mL of MeOH was added to the flask. The reaction mixture was heated up to boiling point and 1 mL of NaOCl solution (30% concentrated) was added to the solution as oxidant. The color of the medium was converted to brown by addition of the oxidant. The reaction was maintained for 1 h under reflux, and then the reaction mixture was concentrated by a rotary evaporator. The residual solution (∼5 mL) was transferred into a beaker and kept at room temperature for 2 days. The obtained black solid was washed with water (2 × 50 mL) and MeCN (3 × 50 mL) in order to remove inorganic salts and unreacted monomer, respectively. The obtained oligomer was filtered and dried in a vacuum oven at 80
• C for 24 h.
Preparation of the film materials in PMMA matrix
The PMMA gel matrix was prepared from NaClO 4 :LiClO 4 :MeCN:PMMA:PC in the ratio of 3:3:80:14:40 by weight as described in the literature 31 Homogeneous film surfaces of 4-HBAEBT and O-4-HBAEBT involving the PMMA gel matrix as extender were prepared on a transparent polyester plate using the following procedure: 0.5 g of the monomer and O-4-HBAEBT were separately dissolved in 40 mL of THF and added to 100-mL beakers. The mixtures were boiled for about 5 min in a fume hood and accordingly concentrated. Then 0.5 g of PMMA gel matrix was added to the solutions and the mixtures were vigorously stirred and evaporated to be about 10 mL in volume. The obtained homogeneous viscous mixtures were added to previously prepared polyester slices and spread. The materials were dried at room temperature for 5 days.
Characterization techniques
The solubility tests were carried out in different solvents using 1 mg of sample and 1 mL of solvent at 25
The infrared spectra were measured by PerkinElmer FT-IR Spectrum one using a universal ATR sampling accessory (4000-650 cm −1 ). 1 H NMR spectra (Bruker AC FT-NMR spectrometer operating at 400 MHz) were recorded using deuterated DMSO-d 6 as solvent at 25 • C. Tetramethylsilane was used as internal standard.
Scanning electron microscopy (SEM) photographs of the oligomers were recorded using a Philips XL-305 FEG SEM instrument. Prior to the measurements, oligomer samples were dried in a vacuum oven at 70
• C for 24 h to remove the residual moisture. Gold/palladium coated thin films of the oligomer samples were used for SEM measurements. Melting point of the Schiff base monomer was measured by Electrothermal 9100 melting point measurement instrument. Thermal data were obtained using a PerkinElmer Diamond Thermal Analysis system. TG-DTA measurements were made between 20 and 1000 • C (in N 
Optical and electrochemical properties
Ultraviolet-visible (UV-Vis) spectra of compounds were measured by Analytikjena Specord 210 Plus. The solution state absorption spectra were recorded in methanol solutions. Measurements were carried out at 25
• C. The absorption spectra in the PMMA matrix were also measured upon the film surface. The optical band gaps (E opt g ) were calculated from the absorption edges as in the literature, 32 by the following equation:
where λ onset indicates the onset wavelength determined by the intersection of two tangents drawn on the absorption edge (shown in Figure 5 ).
A Shimadzu RF-5301PC spectrofluorophotometer was used for fluorescence measurements. Solution state photoluminescence (PL) spectra were obtained in CHCl 3 and DMF solutions. Solution concentrations were adjusted to 0.1 g L −1 for all measurements. Slit width was 5 nm in all measurements. Solid state PL characteristics were determined on the film surfaces in the PMMA matrix. Fluorescence quantum yields (QYs) of the solid state PL colors were determined using the comparative method as described in the literature.
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Fluorescein solution in 0.1 M of aqueous NaOH was used as the standard.
CV measurements were carried out with a CHI 660 C Electrochemical Analyzer (CH Instruments, Bee
Cave, TX, USA) at a potential scan rate of 20 mV/s. All the experiments were performed in a dry box filled with argon at room temperature. 
